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A.  Introduction 

Most  of  the  UV-induced  photoproducts  in  the  DNA  of  bacteria 

and  their  viruses  are  repaired  by  "error-proof"  repair  mechanisms 

such  as  photoreactivation,  "short-patch"  excision  repair,  and 

recomb inational  repair.  Single-strand  gaps  resulting  from 

replication  of  DNA,  which  contains  pyrimidine  dimers,  can  be 

repaired  by  ultraviolet  (UV)- inducible,  recA+  lex+-de pendent 

"error-prone"  repair  ("SOS"  repair)  which  leads  to  mutations 

in  the  bacteria  and  its  phages.  Other  UV-induced,  recA+  lex+- 

dependent  functions,  such  as  prophage  induction,  filamentous 

growth,  and  W-reactivation,  are  coordinately  regulated  with  the 

error-prone  repair  functions.  An  increasing  amount  of  experimental 

evidence  suggests  that  misincorporation  of  bases  could  result 

from  an  inducible  factor  which  affects  the  proofreading  activities 

of  DNA  polymerase,  allowing  it  to  fill  postreplicative  daughter 

* 

strand  gaps  across  from  non-coding  UV  photoproducts.  Mutagenic 

+  + 

W-reactivation  illustrates  the  role  of  UV-inducible,  recA  lex  - 
dependent  functions  in  the  error-prone  DNA  repair  of  bacteria 
and  their  viruses. 

B.  Enzymatic  Repair  Systems  in  Bacteria  and  their  Viruses 
Ultraviolet  irradiation  of  bacteria  damages  the  DNA  by  forming 
intrastrand  pyrimidine  dimers  (Setlow  and  Carrier  1966)  and 
other  lesions  which  distort  the  DNA  duplex  (Marmur  and  Grossman 
1961)  which  may  utimately  lead  to  cell  death  or  to  mutations 
through  error-prone  repair.  In  UV-irradiated  Escherichia  coli 

2 

about  six  pyrimidine  dimers  are  formed  per  genome  per  erg  per  mm 


(Witkin  1969c).  Bacteria  can  remove  these  UV-induced  distortions 
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in  the  DNA  double  helix  by  several  enzyme  repair  systems, 
including  photoreactivation,  "short-patch"  and  "long-patch" 
excision  repair  (dark  repair) ,  pre-  and  postreplicative 
recombinational  repair,  and  inducible  error-prone  ("SOS") 
repair.  Some  bacteriophages  possess  genes  for  enzymatic 
dark  repair  operating  to  minimize  the  damaging  effects  of 
UV-induced  lesions  in  their  DNA  (Hayes  1974)  thereby 
protecting  the  integrity  of  their  genetic  material. 
Ultraviolet-induced  lesions  in  the  DNA  of  infecting 
phages  that  do  not  have  their  own  DNA  repair  systems 
may  be  repaired  by  the  bacterial  host  systems.  Thus  the 
lethal  effects  of  dimers  in  the  phage  DNA  can  be  overcome 
by  (a)  their  monomerization  through  enzymatic  photoreactivation 
(Dulbecco  1950);  (b)  the  physical  removal  by  an  excision- 
repair  system,  as  in  "host  cell  reactivation;"  (c)  genetic 
recombination,  as  in  "prophage  reactivation"  and  "multiplicity 
reactivation"  (Luria  1952;  Bernstein  1981);  or  (d)  the 
inducible  error-prone  repair  system,  as  in  "Weigle-reactivation" 
(UV-reactivation) . 

The  most  important  biological  effect  of  UV  irradiation 
is  the  photochemical  formation  of  thymine  dimers  in  the 
DNA  double  helix.  Kelner  (1949)  first  observed  that  the 
killing  and  mutagenic  effects  of  ultraviolet  light  can  be 
prevented  by  exposing  UV-irradiated  E.  coli  to  visible 
light.  Wulff  and  Rupert  (1962)  demonstrated  that 
photoreactivation  results  from  the  error-free  monomerization 
of  pyrimidine  dimers  in  situ  by  a  photoreactivating 
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enzyme  which  is  activated  by  visibile  light.  The  ability 
to  hydrolyze  thymine  dimers  photochemically  can  be  lost 
by  a  single  phr  gene  mutation  (Setlow  and  Setlow  1963; 

Hanawalt  1968).  This  enzyme,  isolated  from  the  photoreactivable 
species  E.  coli  or  Saccharomyces  cerevisiae ,  can  restore 
about  10%  of  the  transforming  activity  to  UV-inactivated 
transforming  DNA  in  the  presence  of  visible  light  of 
wavelength  300-400  rap  (Rupert  1961).  Bacillus  subtilis. 
Pneumococcus ,  and  Haemophilus  lack  this  enzyme  and  are 
not  photoreactivable  (Hayes  1974). 

Garen  and  Zinder  (1955)  found  that  some  UV-irradiated 
bacteriophages  could  be  reactivated  by  the  nonirradiated 
host  bacteria.  This  mode  of  UV  repair,  later  named  host 
cell  reactivation  (HCR) ,  was  shown  to  result  from  excision 
of  the  regions  containing  pyrimidine  dimers  in  the  phage 
followed  by  repair  synthesis  (Boyce  and  Howard-Flanders  1964; 
Setlow  and  Carrier  1964;  Devoret  et  al.  1975).  In  host 
cell  reactivation,  three  widely  separated  genes  on  the 
chromosome  of  _E.  coli  K12,  uvrA+,  uvrB+,  and  urvC+  (Van 
de  Putte  et  al.  1965;  Mattern  et  al.  1965),  control  the 
repair  of  UV  lesions  in  the  infecting  phage  genome  or  in 
the  bacterial  DNA  resulting  from  the  excision  of  pyrimidine 
dimers.  A  mutation  in  any  one  of  these  three  unlinked 
loci  (uvrA,  15,  or  £)  shows  a  ten-  to  twenty-fold  increase 
in  sensitivity  to  UV  (Lewin  1974)  and  cannot  repair 
UV  damage  to  infecting  phages  (Her  )  or  their  own  genomes 
due  to  their  inability  to  excise  pyrimidine  dimers  from 


DNA  (Howard-Flanders  et  al.  1966).  The  Uvr  strains 

retain  most  of  their  resistance  to  X-rays  and  other  ionizing 

radiation  and  show  normal  recombination  (Hayes  1974). 

Excision  repair  of  DNA  exposed  to  UV  has  been  described 

at  the  biochemical  level  as  the  excision  of  single  stranded 

oligonucleotides  which  include  the  dimer  and  a  small 

number  of  bases  on  either  side  of  it  (Howard-Flanders  and 

Boyce  1966)  followed  by  gap  enlargement  and  repair  synthesis 

utilizing  the  bases  opposite  the  excised  segment  as  a 

template  and  then  sealing  the  backbone  by  a  DNA  ligase 

(Kushner  et  al.  1971)  This  "short-patch"  excision  repair 

eliminates  photodimers  by  bacterial  Uvr+  functions  before 

DNA  replication  and  does  not  seem  to  be  mutagenic  (Defais 

et  al.  1971).  "Long-patch"  excision  repair,  which  requires 
+  4* 

the  recA  lex  genotype,  introduces  errors  in  the  repair 
of  excision  gaps  at  a  low  frequency. 

C.  W-reactivation  and  W-mutagenesis 

UV-reactivation  is  one  of  several  interacting  reactions 
on  primary  DNA  damage.  Weigle  (1953)  experimentally 
defined  "UV-restoration"  as  the  increased  survival  of 
UV-irradiated  phage  X  when  plated  on  ji.  coli  host  cells 
stimulated  by  slight  UV-irradiation  before  phage  infection 
or  by  UV-irradiation  of  the  phage-bacterium  complexes 
after  adsorption  of  the  UV-inactivated  phage.  "UV- 
reactivation"  (UVR)  has  come  to  refer  to  the  higher  survival 
of  UV-irradiated  bacteriophage  in  general  when  it  infects 
host  cells  that  have  been  exposed  to  a  low  dose  of  UV 
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irradiation  before  infection,  as  compared  with  infection 
of  nonirradiated  host  cells.  Among  the  reactivated 
phages,  a  fairly  large  proportion  are  mutants.  This  high 
rate  of  mutation  among  the  reactivated  phage  is  referred 
to  as  "UV-mutagenesis."  Since  ultraviolet  light  is  not 
the  only  agent  that  can  induce  this  kind  of  reaction, 
the  terms  "W-reactivation"  (Weigle-reactivation)  and  "W- 
mutagenesis"  (Weigle-mutagenesis)  are  used  in  place  of  the 
older  terms  "UV-reactivation"  and  "UV-mutagenesis"  to  describe 
the  more  general  phenomena  of  error-prone  repair  of  phage  lesions 
that  occur  when  host  bacteria  are  stimulated  by  exposure  to 
a  mutagen  prior  to  phage  infection  (Radman  1974). 

W-reactivation  was  first  observed  as  the  increased  survival 
of  UV-irradiated  phage  X  when  infecting  UV-irradiated 
E.’  ££. as  con>Pared  with  infection  of  nonirradiated  E. 
coli  (Weigle  1953).  The  W-reactivation  process  has  been 
demonstrated  in  several  other  JS.  coli  bacteriophages 
including  T3  (Weigle  and  Dulbecco  1953);  P22  (Garen  and 
Zinder  1955);  T1  (Garen  and  Zinder  1955;  Tessman  1956); 

PI  (Kerr  and  Hart  1973);  P2  (Bertani  1960);  HP1  (Harm 
and  Rupert  1963);  and  T7  (McKee  and  Hart  1975);  and 
in  several  bacteriophage  containing  single-stranded 
DNA  including  S13  (Tessmand  and  Ozaki  1960);  <f>R  (Ono 
and  Shimazu  1966);  and  <£X174  (Das  Gupta  and  Poddar  1975). 
W-reactivation  was  also  demonstrated  with  other  UV- 
irradiated  phages  including  AR-1  and  SP-50  plated  on 
UV-irradiated  15.  subtilis  (Azizbekyan  and  Galitskaya 


1975) ;  phage  81A  in  Streptococcus  faecalis  X14  (Miehl 
et  al.  1980) ;  phage  P22  in  Salmonella  typhimurium  TA92 
(Walker  1978)  ;  and  phages  PS20  and  368<J>  in  Serratia 
marcescens  (pKMIOl;  R68.45)  (Knudson  1977). 

W-reactivation  of  UV-irradiated  phage  X  can  be  initiated 
not  only  by  exposure  of  the  coli  host  cells  to  UV, 
but  also  by  their  exposure  to  nitrogen  mustard  (Weigle 
1953);  X-rays  (Weigle  1953;  Ono  and  Shimazu  1966); 
mitomycin  C  (Otsuji  and  Okubo  1960);  or  to  nonlethal 
periods  of  thymine  starvation  (Hart  and  Ellison  1970) . 
W-reactivation  of  UV-irradiated  phage  X  also  occurs 
on  IS.  coli  with  DNA  ligase  deficiency  (Morse  and  Pauling 
1975)  or  with  the  presence  of  the  tif  mutation  (Castellazzi 
et  al.  1972a).  Phage  damage  by  agents  other  than  UV- 
irradiation  also  show  W-reactivation,  such  as  gamma  radiation 
(Bresler  et  al.  1978),  nitrous  acid  (Ono  and  Shimazu 
1966) ,  hydroxylamine  (Vizdalova  1969) ,  nitrogen  mustard 
(Kerr  and  Hart  1972) ,  and  5-bromouracil  incorporation 
before  UV- irradiation  (Kneser  et  al.  1965;  Kerr  and  Hart 
1972). 

The  variety  of  DNA  lesions  which  can  be  W-reactivated 
indicates  that  the  process  must  be  of  a  generalized  nature, 
depending  on  elimination  of  the  damage  rather  than  its 
reversal.  Treatments  that  promote  W-reactivation  of  phage 
X  in  nonlysogenic  JS.  coli.  such  as  UV-irradiation,  thymineless 
death,  or  thermal  shift  of  tif  mutants,  also  promote 
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lysogenic  induction  in  lysogenic  bacteria  (Hart  and 
Ellison  1970;  Castellazzi  et  al.  1972a). 

Several  possible  mechanisms  for  W-reactivation  have  been 
postulated.  Harm  (1963)  reported  that  W-reactivation 
is  not  a  specific  repair  process  but  an  enhancement  of 
host  cell  reactivation.  He  showed  that  in  the  "completely" 
HCR-def icient  strain  of  Eh  coli  K12s  (her  ),  which  inhibits 
the  excision  of  pyrimidine  dimers  from  both  bacterial  and 
phage  DNA  mediated  by  host-cell  enzymes,  no  W-reactivation 
is  found.  W-reactivation  took  place  in  systems  which 
showed  HCR  and  was  absent  in  those  where  no  HCR  was 
observed.  In  support  of  this  hypothesis,  Mattern  et  al. 

(1965)  and  Ogawa  et  al.  (1968)  reported  that  the  UV- 
sensitive  Her  strains  (mutants  in  uvrA,  15,  or  £)  of 
_E.  coli  lack  the  capacity  for  both  host  cell  reactivation 
and  W-reactivation.  However,  in  contradiction  to  Harm's 
(1963)  hypothesis,  Kneser  et  al.  (1965)  and  Kneser  (1968) 
reported  that  even  when  HCR  was  efficiently  restricted 
by  using  the  nonhost  cell-reactivating  strain  of  j2.  coli 
K12s  (hcr~)  as  the  host,  appreciable  W-reactivation  of 
X  phage  was  observed.  Harm  (1966)  defended  his  hypothesis 
that  increased  phage  survival  under  W-reactivation  conditions 
is  due  to  enhanced  efficiency  of  HCR  by  showing  that  Her 
bacteria  still  exhibit  "residual"  HCR.  So  the  W-reactivation  of 
phage  X  observed  in  Eh  coli  K12s  (her  )  was  said  to  be  due 
to  "residual"  HCR  but  not  "ordinary"  HCR  (Kneser  1968). 

This  "residual"  HCR  which  allows  W-reactivation  in  an  E. 
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coli  her  strain  may  be  coded  for  by  the  gene  uvrD  (Ogawa 
et  al.  1968),  while  her  mutants  at  the  uvrA,  J3,  and  C_  loci 
block  "ordinary"  HCR  (Rupert  and  Harm  1966).  Since  three 
known  types  of  excision-deficient  mutants  of  Eh  coli  K12 
(uvrA,  and  C)  exhibit  W-reactivation  of  X  phage  with 
approximately  the  same  efficiency  of  W-reactivation  in 
the  excision-proficient  and  -deficient  strains,  Radman 
and  Devoret  (1971)  and  Defais  et  al.  (1971)  suggested 
that  W-reactivation  does  not  involve  excision  repair  of 
pyrimidine  dimers  in  phage  DNA.  Boyle  and  Setlow  (1970) 
also  reported  that  W-reactivation  of  X  phage  does  not  involve 
HCR  and  that  it  is  achieved  by  different  mechanisms  of 
repair.  W-reactivation  of  X  phage  in  uvr  mutants  strongly 
depends  on  the  UV  dose  given  to  both  the  phage  and  to  the 
host  cells  (Defais  et  al.  1971),  which  is  probably  why 
W-reactivation  in  excision-deficient  mutants  was  not 
detected  in  earlier  investigations.  Defais  et  al.  (1971) 
further  suggested  that  the  uvr+  functions  of  excision  repair, 
which  is  an  accurate  repair  mechanism  (Witkin  1969a, b), 
are  not  required  for  W-mutagenesis  of  X  phage.  The  single- 
stranded  DNA  phage  $R  fails  to  be  reactivated  by  the  HCR 
mechanism  of  Eh  coli  but  is  competent  for  W-reactivation 
(Ono  and  Shimazu  1966),  which  further  suggests  that  W- 
reactivation  and  host  cell  reactivation  are  due  to  independent 
mechanisms. 

In  UV-irradiated  Eh  coli ,  both  excision  and  resynthesis 
are  carried  out  by  DNA  polymerase  I  (Hanawalt  and  Setlow 
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1975).  Ogawa  (1970)  reported  that  the  polA  mutant  of 
1J.  coll  K12,  which  is  deficient  in  DNA  polymerase  activity 
and  has  increased  UV-sensitivity,  lacks  W-reactivation 
ability  for  UV-irradiated  X  phage.  Paterson  et  al.  (1971) 
also  reported  that  polA  ^  mutants  are  almost  totally  deficient 
in  W-reactivation.  However,  Caillet-Fauquet  and  Defais 
(1972)  showed  that  maximum  W-reactivation  occurs  in  polA~ 
mutants,  as  in  uvrA  mutants,  at  lower  UV  doses  than  in 
the  wild  type  cells.  Ogawa  (1970)  and  Paterson  et  al. 

(1971)  did  not  observe  W-reactivation  in  the  polA-  mutants 
due  to  the  high  doses  of  UV  used  on  both  X  and  the  host 
cells. 

Defais  et  al.  (1971)  suggested  that  the  UV-induced  repair 
system  resulting  in  W-reactivation  and  W-mutagenesis  acts 
directly  on  unexcised  dimers  in  X  DNA.  This  was 
consistent  with  the  finding  of  Tomilin  and  Mosevitskaya 
(1975)  which  showed  that  the  UV-endonuc lease  from  Micrococcus 
luteus  strongly  decreases  W-reactivation  and  mutagenic 
(error-prone)  repair  of  UV-irradiated  X  DNA.  Roulland- 
Dussoix  (1967)  and  Boyle  and  Setlow  (1970),  suggested 
that  W-reactivation  results  from  the  protection  of  the 
UV-damaged  phage  DNA  against  attack  by  nucleases  which 
are  directed  against  UV-damaged  bacterial  DNA.  W-reactivation 
could  occur  because  UV-damaged  host  DNA  acts  as  a  substrate 
for  the  excision  enzymes  competing  for  their  action  with 
dimers  in  the  X  phage  DNA  and  shifting  the  balance  in 
favor  of  phage  repair.  Harm  and  Rupert  (1963)  also 
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interpreted  W-reactivation  to  be  the  result  of  competiton 
between  irradiated  bacterial  DNA  and  phage  DNA  for  a 
nuclease  specific  for  UV  damage.  However,  this  hypothesis 
does  not  explain  how  the  remaining  pyrimidine  dimers 
in  the  A  phage  DNA  are  eliminated  or  bypassed.  Kneser, 
et  al.  (1965)  criticized  the  nuclease-protection  theory 
on  the  grounds  that  W-reactivation  of  phage  can  occur  when 
HCR  is  inhibited  in  uvr  strains. 

Mutants  of  E.  coli  K12  which  have  a  Rec  phenotype  are 
defective  in  genetic  recombiantion,  highly  sensitive  to 
UV  and  X-irradiation  and  map  at  three  separate  loci  (Clark 
and  Margulies  1965;  Barbour  and  Clark  1970).  The  radiation- 
sensitive,  recombination  deficient  recA~  mutants  degrade  an 
abnormally  large  amount  of  their  genome  when  exposed  to 
UV  light,  earning  them  the  name  "reckless"  mutants  (Howard- 
Flanders  and  Theriot  1966)'.  The  closely  linked,  radiation- 
sensitive,  recombination  deficient  recB  and  recC 
"cautious"  mutants  degrade  their  DNA  much  less  after  UV- 
irradiation  (Lewin  1974).  The  recB+  and  recC+  gene 
products  may  be  nucleases  which  are  responsible  for  much 
of  the  DNA  breakdown  following  UV-irradiation,  while  the 
recA+  gene  product  may  limit  the  process  in  some  way. 

Bacterial  recA+  function  is  necessary  for  W-reactivation 
of  UV-damaged  phage  \  (Ogawa  et  al.  1968;  Shimada  et  al. 
1968).  The  recA+  gene  function  is  also  required  for  W- 
mutagenesis  (the  increased  frequency  of  mutations  in  the 
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surviving  phage  from  W-reactivation)  and  is  eliminated 

by  a  single  recA  mutation  (Miura  and  Tomizawa  1968). 

Both  W-reactivation  and  W-mutagenesis  of  phage  X  are 

independent  of  recB+  and  recC*  gene  products  (Kerr  and 

Hart  1972).  McKee  and  Hart  (1975)  showed  that  the  recA+ 

function  is  needed  for  W-reactivation  of  T7;  Das  Gupta 

and  Poddar  (1975)  reported  that  the  recA+  gene  is  essential 

for  W-reactivation  of  the  single  stranded  DNA  phage  4>X174. 

W-reactivation  and  W-mutagenesis  of  phage  X  also  require 

the  bacterial  lex+  gene  function  (Defais  et  al.  1971)  in 

E.  coli  K12  and  the  analogous  exr+  gene  function  in 

E.  coli  B  (Witkin  1967a).  W-reactivation  does  occur 

in  the  absence  of  recA+  and  exr+  alleles  when  phage  X 

is  damaged  by  nitrous  acid,  hydroxylamine ,  or  nitrogen 

mustard,  rather  than  by  UV  (Kerr  and  Hart  1972).  The 
+  + 

recA  and  exr  gene  products  may  be  necessary  to  stabilize 
or  modify  UV  lesions  in  phage  DNA,  but  not  other  kinds 
of  lesions  before  W-reactivation  can  take  place,  rather 
than  being  directly  involved  in  the  basic  repair  process 
itself.  UV-induction  of  the  prophage  X  (Donch 
et  al.  1970;  Castellazzi  et  al.  1972b;  Mount  et  al.  1976) 
also  require  the  recA+  and  lex'*'  functions.  Host  cell 
reactivation  is  also  less  effective  in  recA  mutants 
(Echols  and  Gingery  1968),  suggesting  that  some  common 
pathways  are  involved  in  these  phenomena. 


As  replication  proceeds  in  UV-damaged  bacterial  DNA, 
unrepaired  pyrimidine  dimers  cause  the  formation  of  daughter 


strand  gaps  in  the  newly  formed  DNA  strand  opposite 
each  unrepaired  lesion  (Howard-Flanders  et  al.  1966, 

1968;  Rupp  and  Howard-Flanders  1968).  These 
discontinuities  in  the  newly  replicated  molecule,  which 
are  lethal  if  not  repaired,  cannot  be  filled  by  repair 
replication  since  they  are  located  opposite  a  non-coding 
lesion.  Postreplication  repair  of  gaps  opposite  unexcised 
pyrimidine  dimers  can  proceed  by  a  recA+-dependent 
recombinational  process  between  complementary  daughter 
strands  in  which  the  intact  region  of  one  daughter  strand 
serves  as  a  template  for  repair  of  the  gap  in  the  other 
to  restore  the  original  DNA  structure  (Rupp  et  al.  1971). 
According  to  Witkin  (1969c),  UV-induced  mutagenesis  results 
from  errors  due  to  inaccurate  post-replicative  repair 
dependent  upon  the  lex+  function. 

In  prereplicative  recombinational  repair,  which  involves 
recombination  of  two  DNA  duplexes,  there  is  no  need  for 
DNA  synthesis  since  all  the  DNA  strands  needed  for 
recombination  are  already  present.  Prereplicative 
recombinational  repair  is  a  nonmutagenic  (error-free) 
process . 

In  prophage  reactivation,  first  described  by  Jacob  and 
Wollman  (1953) ,  the  survival  of  UV-irradiated  phage  X 
is  greater  when  plated  on  a  bacterium  carrying  a  homologous 
prophage  than  on  a  host  nonlysogenic  or  lysogenic  with  a 
nonhomologous  prophage.  Prophage  reactivation  also  occurs 
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in  phage  P2  and  phage  P22  (Yamamoto  1967).  This  type  of 
repair  is  due  to  prereplicative  recombination  between  the 
homologous  DNA  of  the  UV-damaged  phage  and  the  intact 
resident  prophage  (Yamamoto  1967),  so  there  is  no  need 
for  any  extensive  DNA  synthesis.  This  process  is  not 
mutagenic  and  is  strongly  decreased  in  a  host  carrying 
recA  mutations,  but  is  not  influenced  by  the  presence 
or  absence  of  the  lex'1'  function  (Blanco  and  Devoret  1973). 

Garen  and  Zinder  (1955)  proposed  the  hypothesis  that  in  W- 

reactivation,  UV-irradiation  of  _E.  coli  stimulates  recombinational 

repair  between  the  homologous  regions  of  UV-damaged  phage 

DNA  and  intact  bacterial  DNA,  resulting  in  increased 

viability  of  the  irradiated  phage.  This  hypothesis  could 

explain  the  requirement  of  recombination  functions  for 

UV-reactivation  (Weigle  1966).  Hart  and  Ellison  (1970) 

proposed  that  W-reactivatibn  and  prophage  reactivation 

of  phage  X  occur  by  related  mechanisms  since  UV-  and 

nitrous  acid-damaged  phage  are  reactivated  by  both 

processes.  Furthermore,  both  processes  are  eliminated 

by  recA  mutants  in  the  host  bacterium  while  neither 

process  is  appreciably  affected  by  her  alleles.  W- 

mutagenesis  could  be  the  result  of  inaccurate  recombination 

or  imperfect  homology  between  the  phage  and  bacterial 

DNA  (Tessman  1956;  Stent  1958). 

Other  experimental  results  do  not  support  the  idea  that 
W-reactivation  occurs  as  a  result  of  prereplicative 
recombination  between  homologous  parts  of  the  UV-irradiated 
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phage  and  bacterial  chromosomes  (Ogawa  and  Tomizawa 
1973).  Radman  and  Devoret  (1971)  reported  that  the  absence 
of  attachment  regions  in  the  host  and  X  chromosomes 
does  not  effect  W-reactivation.  Blanco  and  Devoret 
(1973)  showed  that  W-reactivation  of  phage  X  does  not 
require,  and  is  not  enhanced  by,  the  presence  of  large 
pieces  of  DNA  which  are  homologous  to  the  infecting 
phage  DNA.  The  independence  of  W-reactivation  and 
prereplicative  recombination  is  further  demonstrated 
by  the  fact  that  UV-reactivation  requires  the  lex* 
function  (Defais  et  al.  1971)  and  is  highly  mutagenic, 
while  prophage  ren  -.tivation  is  unaffected  by  mutations 
in  lex  and  is  not  mutagenic  (Blanco  and  Devoret  1973). 

In  contrast  to  prereplicative  recombinational  repair, 
W-reactivation  is  unaffected  by  the  recB  and  recC  genes 
and  the  need  for  the  recA*  and  lex*  gene  products  in 
W-reactivation  is  dependent  on  the  nature  of  the  lesion 
in  the  DNA  (Kerr  and  Hart  1972).  W-reactivation  occurs 
in  the  single  stranded  DNA  phage  S13,  d> R,  and  <j>X174, 
which  seems  to  exclude  the  possibility  that  W-reactivation 
is  due  to  a  pre-replicative  recombinational  repair  mechanism 
between  two  DNA  duplexes,  as  in  prophage  reactivation.  The 
"recombination"  hypothesis  as  the  mechanism  of  W-reactivation 
presumes  a  high  degree  of  homology  between  the  bacterial  and 
the  phage  DNA.  However,  in  the  DNA  of  phage  AR9,  which  is 
subject  to  W-reactivation  in  J3.  subtilis ,  the  thymine  has 
been  replaced  by  hydroxymethyluracil.  Furthermore,  the 
compositions  of  the  DNA  bases  of  the  phage  and  bacteria 
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differ  substantially  [G  +  C  =  27.7  and  44.8,  respectively 
(Azizbekyan  and  Galitskaya  1975)].  These  results  indicate 
that  prophage  reactivation  and  W-reactivation  are  engendered  by 
two  different  mechanisms. 

Although  UV-reactivation  and  UV-mutability  of  X  phage  are 
correlated,  in  that  they  are  both  blocked  by  recA~  and 
lex-  mutations,  are  both  UV-induced,  and  show  comparable 
kinetics  as  a  function  of  UV  dose  given  to  the  host  cells  and 
to  the  phage  (Defais  et  al.  1971;  Wackernagel  and  Winkler 
1971),  there  is  evidence  that  they  are  separate,  non¬ 
interdependent  phenomena.  Kerr  and  Hart  (1972)  showed  that 
when  phage  X  is  damaged  by  nitrous  acid,  hydroxy lamine ,  or 
nitrogen  mustard,  rather  than  by  UV,  W-reactivation  does  occur 
in  recA  and  exr  mutants.  However,  W-mutagenesis  of  X  phage, 
which  normally  accompanies  W-reactivation,  does  not  occur  in  the 
recA  or  exr  bacteria  (Kerr  and  Hart  1972).  This  demonstrates 
that  W-mutagenesis  of  X  phage  is  not  an  essential  feature 
of  the  W-reactivation  process  itself.  Although  W- 
reactivation  is  independent  of  the  recA+  and  exr+  alleles, 
W-mutagenesis  is  not,  and  like  UV-induced  error-prone 
repair  mutagenesis  of  bacteria,  it  does  not  occur  in 
recA  or  exr  mutants.  Morse  and  Pauling  (1975)  have 
shown  that  W-mutagenesis  in  J2.  coli  is  not  essential  component 
of  W-reactivation  because  phage  mutagenesis,  but  not 
reactivation,  is  inhibited  by  3  yg/ml  of  chloramphenicol. 

Mount  et  al.  (1976)  reported  that  phage  X  is  W-reactivated 
in  the  tsl~  recA  mutant  strain  of  E.  coli  with  about 
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one-half  the  efficiency  of  that  in  the  wild  type  strain, 
but  with  no  corresponding  mutagenesis  of  the  phage. 

This  suggests  that  there  is  a  UV-inducible  error-free 
pathway  of  DNA  repair  in  j£.  coli  that  is  independent 
of  the  UV-inducible  error-prone  repair  of  phage  lesions. 

George  et  al.  (1974)  demonstrated  indirect  W-reactivation 
of  phage  X  and  its  mutagenesis  by  introducing  UV-damaged  DNA 
into  a  nonirradiated  F  recipient  host  cell  through 
conjugation  with  a  UV-irradiated  Hfr  (high-frequency 
recombination)  or  F-lac+  donor  prior  to  infection  with  UV- 
irradiated  phage.  George  et  al.  (1974)  found  that  chromosomal 
or  episomal  UV-damaged  DNA  is  effective  in  inducing  indirect 
W-reactivation  even  in  Uvr  strains,  in  which  there  is 
no  excision  of  pyrimidine  dimers. 

D.  Direct  and  Indirect  Prophage  Induction 
The  lysogenic  state  of  prophage  X  is  maintained  by  a 
cytoplasmic  protein  repressor  which  is  specified  by  the 
c^  region  of  the  X  phage  genome  (Ptashne  1967).  Lwoff 
et  al.  (1950)  first  demonstrated  that  treating  bacteria 
with  small  doses  of  UV  can  induce  the  prophage  to  enter 
the  vegetative  state,  multiply,  and  lyse  the  bacteria 
(direct  induction).  Jacob  and  Wollman  (1959)  showed 
that  X-rays  and  nitrogen  mustard  were  also  effective 
inducing  agents.  Treatment  of  _E.  coli  K12  lysogenic 
for  phage  X  with  mitomycin  C  or  deprivation  of  thymine, 
which  inhibits  bacterial  DNA  synthesis,  also  induces 
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prophage  X  to  enter  the  vegetative  state  (Korn  and 
Weissbach  1962).  These  treatments  which  result  in  prophage 
induction  must  involve  the  inactivation  of  the  prophage 
repressor  system,  perhaps  by  the  formation  of  an  "inducer" 
which  inactivates  the  repressor. 

Indirect  induction,  first  described  by  Borek  and  Ryan 
(1958),  occurs  when  an  F+X~  donor  _E.  coli  K12  is  irradiated 
w‘:h  UV  and  crossed  with  a  non-irradiated  F  cell  lysogenic 
for  X .  The  indirect  induction  of  prophage  X  is  mediated 
-hrough  the  UV-irradiated  sex  factor.  However,  unlike 
indirect  W-reactivation,  indirect  induction  does  not 
occur  when  UV  damaged  chromosomal  DNA  from  an  Hfr  X 
cell  is  introduced  by  conjugation  into  an  F  X+  recipient 
(Devoret  and  George  1967).  Indirect  induction  can  also 
result  from  the  conjugal  transfer  of  UV  damaged  F',  such 
as  F-lac+  and  F-gal+,  into  F  lysogenic  recipients 
(George  and  Devoret  1971).  Monk  (1969)  reported  that 
indirect  induction  of  prophage  X  in  a  lysogenic  recipient 
cell  can  be  brought  about  by  conjugation  with  a  UV- 
irradiated  donor  cell  carrying  the  transmissible  Col  I 
factor  (colicinogen)  or  RTF  (resistant  transfer  factors). 
Infection  with  irradiated  phage  Pi,  which  is  maintained 
in  an  autonomous  state  (Ikeda  and  Tomizawa  1968)  also 
brings  about  indirect  induction  of  X  lysogens  (Rosner 
et  al.  1968).  The  replicons  Col  I,  RTF,  the  sex  factors 
F  and  F',  and  the  phage  PI,  all  of  which  can  mediate 
indirect  induction  of  a  lysogen,  have  in  common  the 
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ability  to  replicate  coordinately  with  the  bacterial 
chomosome  without  integrating  into  the  bacterial  chromosome. 

Recombination-deficient  mutants  (recA~)  of  _E.  coli  K12 
which  are  lysogenic  for  X  phage  are  not  inducible  by  UV 
irradiation  (Fuerst  and  Simonovitch  1965;  Hertman  and  Luria 
1967).  Indirect  induction,  mediated  by  irradiated  F 
or  PI,  does  not  occur  in  recA  mutants  which  are  lysogenic 
for  X  (Brooks  and  Clark  1967;  Rosner  et  al  1968).  When 
the  rec+  gene  is  introduced  into  IJ.  coli  K12  rec~  (X+)  by 
transduction  with  phage  Pi,  it  is  then  capable  of  producing 
X  phage  after  UV  induction  (Hertman  and  Luria  1967).  This 
shows  that  the  failure  of  UV  to  induce  X  in  the  rec 
lysogens  is  due  to  an  inability  to  lift  repression 
rather  than  to  damaged  prophage.  Direct  UV-induction 
of  X,  like  W-reactivation,  also  requires  the  lex+  gene  in 
_E.  coli  K12  (Castellazzi  et  al.  1972b)  or  the.. equivalent  exr 
gene  in  j£.  coli  B  (Donch  et  al.  1970). 

E.  Plasmid  Mediated  UV-Protection  and  Mutagenesis 
Plasmid  mediated  resistance  to  killing  by  UV-irradiation 
(UV-protection)  with  an  increase  in  mutagenesis  has  been 
reported  in  _S.  typhimurium  and  £.  coli  containing  Col  I 
(Howarth  1965,  1966),  R46  (Mortelmans  and  Stocker  1976) 
and  its  derivative  pKMIOl  (Walker  1977)  and  R-Utrecht 
(MacPhee  1973);  in  E.  coli  (Monti-Bragadin  et  al.  1978; 
Siccardi  1969)  and  Pseudomonas  aeruginosa  (Krishnapillai 
1975;  Lehrbach  et  al.  1977,  1978)  containing  R  factors 
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and  sex  factors;  in  S^.  faecalis  (Miehl  et  al.  1980); 
and  in  S_.  marcescens  containing  plasmids  pKMIOl  and 
R68.45  (Knudson  1977).  Plasmid  R46  mediated  UV-protection 
and  enhanced  UV-mutagenesis  are  absolutely  dependent 
on  the  recA*  genotype  in  _E.  coli  and  S.  typhimurium 
(Mortelmans  and  Stocker  1976)  and  dependent  on  the  host 
lex*  function  in  some  strains  of  _E.  coli  (Waleh  and 
Stocker  1979) .  The  ability  of  plasmid  pKMIOl  to  enhance 
mutagenesis  and  DNA  repair  is  recA*  lex*-dependent  in 
js.  coli  (Walker  1977)  and  recA*  dependent  in  typhimurium 
(McCann  et  al.  1975).  Plasmid  R46  and  pKMIOl  mediated 
W-reactivation  of  UV-irradiated  phage  X  in  coli 
(Walker  1977)  and  phage  P22  in  S_.  typhimurium  (Walker 
1978)  has  also  been  observed.  The  evidence  suggests 
that  these  plasmids  amplify  the  activity  of  the  inducible 
error-prone  repair  system  of  the  host. 

F.  Inducible  "SOS"-Repair  Functions 

W-reactivation,  W-mutagenesis,  direct  and  indirect  induction 
of  prophage  X,  cell  filamentation  and  UV-mutagenesis 
of  bacteria  are  all  related  phenomena  with  common  pathways 
(Sedgwick  1975a, b).  None  of  these  phenomena  are  expressed 
constitutively  but  all  are  induced  by  UV.  W-reactivation 
and  W-mutagenesis  of  irradiated  bacteriophage,  induction 
of  phage  X,  and  UV-mutagenesis  of  bacteria  resulting 
from  error-prone  repair  are  dependent  on  recA*  and  lex* 
(equivalent  to  exr*)  gene  functions  (Miura  and  Tomizawa 
1968;  Mount  et  al.  1976).  Filamentous  growth  in  Ion 
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strains,  which  is  strikingly  parallel  to  prophage  induction 
(Witkin  1967b),  has  the  same  requirement  for  recA+ 

(Green  et  al.  1969)  and  lex+  functions  (Donch  et  al.  1968). 
Long  filaments  can  also  be  induced  indirectly  by  mating 
UV-irradiated  Col  I  donor  cells  with  nonlysogenic  (X  ) 
recipients  (Kirby  et  al.  1967;  Monk  1969).  All  of 
these  UV- inducible,  recA+  lex+-requiring  functions  are 
expressed  spontaneously  in  IS.  coli  K12  tif  mutants  following 
a  shift  to  42°C  for  45  min  (Castellazzi  et  al.  1972  a; 

Witkin  1974).  These  effects  are  abolished  if  chloramphenicol 
is  present  during  incubation  at  the  elevated  temperature, 
just  as  in  the  case  of  prophage  induction  (Witkin  1975). 

Protein  and  RNA  synthesis  is  essential  for  W-reactivation 
(Ono  and  Shimazu  1966).  Protein  synthesis  is  also  necessary 
for  UV-mutagenesis  (Witkin  1956)  and  for  UV-induction 
of  prophage  X  (Tomizawa  and  Ogawa  1967).  UV-inducible, 
recA  lex  -requiring  functions  might  be  coordinately 
induced  in  response  to  the  inhibition  of  DNA  synthesis, 
while  RNA  and  protein  synthesis  continues  (Witkin  and 
George  1973;  Witkin  1974,  1975).  Monk  and  Kinross  (1975) 
showed  that  the  arrest  of  DNA  synthesis  is  essential  for 
X  induction.  _E.  coli  lig  mutants  produce  defective 
DNA  ligase,  which  is  an  enzyme  that  closes  single-strand 
nicks  in  the  DNA  duplex  resulting  from  UV-irradiation 
(Bonura  and  Smith  1975).  DNA  ligase  deficiency  which 
results  in  the  inhibition  of  DNA  synthesis  (Pauling  and 
Hamm  1969)  leads  to  the  stimulation  of  prophage  induction 


(Gottesman  et  al.  1973),  W-reactivation,  and  W-mutagenesis 
by  depressing  the  error-prone  repair  pathway  (Morse  and 
Pauling  1975). 
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Radman  (1974)  has  called  this  recA+  lex+-de pendent 
error-prone  repair  pathway,  which  is  inducible  by  DNA 
lesions  which  temporarily  block  DNA  replication,  "SOS" 
repair.  We  know  that  in  Eh  coli  this  repair  pathway 
is  (a)  UV-inducible,  (b)  requires  the  recA+  and  lex+ 
functions,  (c)  requires  protein  synthesis  without  DNA 
synthesis,  (d)  is  error-prone,  (e)  involves  a  repair 
mechanism  different  from  pre-  or  postreplicative  recombinational 
repair  or  excision  repair  processes,  and  (f)  is  common  to 
the  phenomena  of  W-reactivation,  W-mutagenesis,  UV-induction 
of  A,  cell  f ilamentation,  and  UV-mutagenesis  of  bacteria 
(Devoret  1973).  Witkin  (1974,  1976)  suggested  that  all  of 

4*  •  -f* 

the  UV-inducible  recA  lex  -dependent  functions  express 
the  activity  of  newly  derepressed  genes,  governed  by 
repressors  which  respond  to  a  common  effector  produced 
by  a  common  induction  pathway.  The  inactivation  of  a 
repressor  has  been  demonstrated  in  prophage  induction. 

Inhibition  of  DNA  synthesis  by  UV  lesions  may  initiate 
the  induction  pathway.  The  UV-inducible  product  may 
inhibit  the  3'-5’-exonuclease  "proofreading"  activity 
of  DNA  polymerase.  A  DNA  polymerase  with  relaxed  template 
dependence  could  polymerize  DNA  past  noninstructive 
UV  photoproducts,  while  filling  postreplicative  daughter 
strand  gaps,  with  a  high  probability  of  inserting  "wrong" 


bases. 
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The  ability  to  recover  from  injuries,  whether  mechanical, 
chemical  or  radiation,  is  characteristic  of  all  living 
things  and  favored  by  natural  selection.  Therefore, 
it  is  not  surprising  to  find  genetic  systems  which  enable 
bacteria  and  their  viruses  to  recover  from  the  potentially 
lethal  effects  of  ultraviolet  light,  nor  is  it  surprising 
to  find  this  repair  system  tightly  regulated  and  subject 
to  loss  by  mutation.  Most  of  the  premutational  lesions 
in  bacterial  and  viral  DNA  can  be  eliminated  by  essentially 
"error-proof"  repair  pathways.  The  inducible  "SOS"- 
repair  system,  which  is  coordinately  expressed  with  a 
number  of  other  phenomena,  is  efficient,  but  error-prone. 

The  induction  of  a  DNA  polymerase  that  allows  postreplicative 
repair  past  noncoding  lesions  in  the  template  DNA  increases 
cell  survival  and  mutations  and  thereby  adds  to  the 
variability  and  survival  of  the  species. 


24 


ACKNOWLEDGMENT 

The  author  wishes  to  thank  Dr.  William  L.  Belser,  University 
of  California,  Riverside,  for  critical  discussions  during 
the  writing  of  this  review. 


25 


References 

Azizbekyan,  R.R.,  Galitskaya,  L.A. :  On  the  mechanism  of  UV- 

reactivation  of  Bacillus  subtilis  phage.  Sov.  Genet.  j),  869-872 
(1975) 

Barbour,  S.D.,  Clark,  A.J.:  Biochemical  and  genetic  studies  of 
recombination  proficiency  in  Escherichia  coli.  I.  Enzymatic 
activity  associated  with  recB  and  recC  genes.  Proc.  Natl.  Acad.  Sci. 
USA  65,  955-961  (1970) 

Bernstein,  C.:  Deoxyribonucleic  acid  repair  in  bacteriophage. 
Microbiol.  Rev.  45,  72-98  (1981) 

Bertani,  L.E.:  Host-dependent  induction  of  phage  mutants  and 
lysogenization.  Virology  12^,  553-569  (1960) 

Blanco,  M. ,  Devoret,  R. :  Repair  mechanisms  involved  in  prophage 
reactivation  and  UV-reactivation  of  UV-irradiated  phage  X.  Mutat. 
Res.  17,  293-305  (1973) 

Bonura,  T.,  Smith,  K.C.:  Enzymatic  production  of  deoxyribonucleic 
acid  double-strand  breaks  after"  ultraviolet  irradiation  of 
Escherichia  coli  K-12.  J.  Bacteriol.  121,  511-517  (1975) 

Borek,  E,,  Ryan,  A.:  The  transfer  of  irradiation-elicited  induction 
in  a  lysogenic  organism.  Proc.  Natl.  Acad.  Sci.  USA  44,  374-377 
(1958) 

Boyce,  R.P.,  Howard-Flanders ,  P.:  Release  of  ultraviolet  light- 
induced  thymine  dimers  from  DNA  in  E.  coli  K-12.  Proc.  Natl.  Acad. 
Sci.  USA  51,  293-300  (1964) 

Boyle,  J.M.,  Setlow,  R.B.:  Correlations  between  host-cell 
reactivation,  ultraviolet  reactivation  and  pyrimidine  dimer 
excision  in  the  DNA  of  phage  X.  J.  Mol.  Biol.  51,  131-144  (1970) 


26 


Bresler,  S.E.,  Kalinin,  V.L.,  Shelegedin,  V.N. :  W-reactivation  and 
W-mutagenesis  of  gamma-irradiated  phage  lambda.  Mutat.  Res.  49, 
341-355  (1978) 

Brooks,  K.,  Clark,  A.J.:  Behaviour  of  X  bacteriophage  in  a 
recombination  deficient  strain  of  Escherichia  col i.  J.  Virol. 

_1,  283-293  (1967) 

Caillet-Fauquet,  P.,  Defais,  M.:  UV  reactivation  of  phage  X 
in  a  polA  mutant  of  15.  coli.  Mutat.  Res.  15,  353-355  (1972) 
Castellazzi,  M. ,  George,  J.,  Buttin,  G.:  Prophage  induction  and 
cell  division  in  IJ.  coli.  I.  Further  characterization  of  the 
thermosensitive  mutation  of  tif-I  whose  expression  mimics  the 
effect  of  UV  irradiation.  Mol.  Gen.  Genet.  119,  139-152  (1972a) 
Castellazzi,  M. ,  George,  J.  Buttin,  G. :  Prophage  induction  and 
cell  division  in  E  coli.  II.  Linked  (recA,  zab)  and  unlinked 
(lex)  suppressors  of  tif-l-mediated  induction  and  filamentation. 

Mol.  Gen.  Genet.  119,  153-174  (1972b) 

Clark,  A.J.,  Margulies,  A.D. :  Isolation  and  characterization  of 
recombination-deficient  mutants  of  Escherichia  coli  K12.  Proc. 

Natl.  Acad.  Sci.  USA  53,  451-459  (1965) 

Das  Gupta,  C.K.,  Poddar,  R.K.:  Ultraviolet  reactivation  of  the 

single  stranded  DNA  phage  4>X174.  Mol.  Gen.  Genet.  139,  77-91  (1975) 
Defais,  M. ,  Fauquet,  P.,  Radman,  M.,  Errera,  M. :  Ultraviolet 
reactivation  and  ultraviolet  mutagenesis  of  X  in  different 
genetic  systems.  Virology  43^  495-503  (1971) 

Devoret,  R. :  Repair  mechanisms  of  radiation  damage:  a  third 
repair  process.  Curr.  Top.  Radiat.  Res.  Q.  j),  11-14  (1973) 


27 

Devoret,  R. ,  Blanco,  M.,  George,  J.,  Radman,  M. :  Recovery  of  phage  X 
from  ultraviolet  damage.  In:  Molecular  Mechanisms  for  Repair  of 
DNA  (eds.  R.C.  Hanawalt,  R.B.  Setlow)  pp.  155-171.  New  York:  Plenum 
Press  1975 

Devoret,  R. ,  George,  J.:  Induction  indirecte  du  prophage  X  par 
le  rayonnement  ultraviolet.  Mutat.  Res.  4^  713-734  (1967) 

Donch,  J.,  Green,  M.H.L.,  Greenberg,  J.:  Interaction  of  the  exr  and 
Ion  genes  in  Escherichia  coli.  J.  Bacteriol.  96 ,  1704-1710  (1968) 

Donch,  J.,  Greenberg,  J.,  Green,  M.H.L.:  Repression  of  induction  by 
uv  of  X  phage  by  exrA  mutations  in  Escherichia  coli.  Genet.  Res. 

15,  87-97  (1970) 

Dulbecco,  R. :  Experiments  on  photoreactivation  of  bacteriophages 
inactivated  with  ultraviolet  radiation.  J.  Bacteriol.  59,  329-347 
(1950) 

Echols,  H. ,  Gingery,  R. :  Mutants  of  bacteriophage  X  defective 
in  vegetative  genetic  recombination.  J.  Mol.  Biol.  34,  239-249 
(1968) 

Fuerst,  C.R.,  Siminovitch,  L.:  Characterization  of  an  unusual 

defective  lysogenic  strain  of  Escherichia  coli  K12  (X) .  Virology 
27,  449-451  (1965) 

Garen,  A.,  Zinder,  N.D.:  Radiological  evidence  for  partial 
genetic  homology  between  bacteriophage  and  host  bacteria. 

Virology  1,  347-376  (1955) 

George,  J.,  Devoret,  R. :  Conjugal  transfer  of  UV-damaged  F-prime 
sex  factors  and  indirect  induction  of  prophage  X.  Mol.  Gen. 

Genet.  Ill,  103-119  (1971) 

George,  J. ,  Devoret,  R.,  Radman,  M. :  Indirect  ultraviolet- 

reactivation  of  phage  X.  Proc.  Natl.  Acad.  Sci.  USA  2i,  144-147 
(1974) 


28 

Gottesman,  M.M.,  Hicks,  M.L.,  Gellert,  M. :  Genetics  and  function  of 
DNA  ligase  in  Escherichia  coli.  J.  Mol.  Biol.  77,  531-547  (1973) 

Green,  M.H.L.,  Greenberg,  J.,  Donch,  J.:  Effect  of  a  recA  gene  on 
cell  division  and  capsular  polysaccharide  production  in  a  Ion 
strain  of  Escherichia  coli.  Genet.  Res.  _14,  159-162  (1969) 

Hanawalt,  P.:  Cellular  recovery  from  photochemical  damage.  In: 
Photophysiology,  vol.  4  (ed.  A.C.  Giese) ,  pp.  203-251.  New  York: 

-  Academic  Press  1968 

Hanawalt,  P.C.,  Setlow,  R.B.  (eds) :  Molecular  Mechanisms  for  the 
Repair  of  DNA.  New  York:  Plenum  Press  1975 
Harm,  W. :  On  the  relationship  between  host-cell  reactivation 

and  UV- reactivation  in  UV- inactivated  phages.  Z.  Vererbungslehre 
94,  67-79  (1963) 

Harm,  W. :  Comment  on  the  relationship  between  UV  reactivation 
and  host-cell  reactivation  in  phage.  Virology  29,  494  (1966) 

Harm,  W. ,  Rupert,  C.S.;  Infection  of  transformable  cells  of 
Haemophilus  influenzae  by  bacteriophage  and  bacteriophage  DNA. 

Z.  Vererbungslehre  94,  336-348  (1963) 

Hart,  M.G.R.,  Ellison,  J. :  Ultraviolet  reactivation  in  bacteriophage 
lambda.  J.  Gen.  Virol.  8,  197-208  (1970) 

Hayes,  W.:  The  Genetics  of  Bacteria  and  their  Viruses,  2nd  ed., 
pp.  328-338.  Oxford:  Blackwell  Scientific  Publications  1974 
Hertman,  I.,  Luria,  S.E.:  Transduction  studies  on  the  role  of  a 
rec+  gene  in  the  ultraviolet  induction  of  prophage  lambda.  J.  Mol. 

Biol.  23,  117-133  (1967) 

Howard-Flanders,  P.,  Boyce,  R.P.:  DNA  repair  and  genetic 

recombination:  studies  on  mutants  of  Escherichia  coli  defective 


In  these  processes.  Radiat.  Res.  ^2.(Suppl  6),  156-184  (1966) 


29 


Howard-Flanders,  P.,  Boyce,  R.P.,  Theriot,  L.:  Three  loci  in 

Escherichia  coli  K-12  that  control  the  excision  of  thymine  dimers 
and  certain  other  mutagen  products  from  DNA.  Genetics  53,  1119-1136 
(1966) 

Howard-Flanders,  P.,  Rupp,  W.D.,  Wilkins,  B.M.,  Cole,  R.S.:  DNA 
replication  and  recombination  after  UV  irradiation.  Cold  Spring 
Harbor  Symp.  Quant.  Biol.  33,  195-205  (1968) 

Howard-Flanders,  P.,  Theriot,  L.:  Mutants  of  Escherichia  coli 
K-12  defective  in  DNA  repair  and  in  genetic  recombination. 

Genetics  53,  1137-1150  (1966) 

Howarth,  S.:  Resistance  to  the  bactericidal  effect  of  ultraviolet 
radiation  conferred  on  Enterobacteria  by  the  colicine  factor  coll. 

J.  Gen.  Microbiol.  40,  43-55  (1965) 

Howarth,  S.:  Increase  in  frequency  of  ultraviolet-induced 

mutation  brought  about  by  the  colicine  factor  coll  in  Salmonella 
typhimurium.  Mutat.  Res.  _3,  129-134  (1966) 

Ikeda,  H.,  Tomizawa,  J.:  Prophage'  PI,  an  extrachromosomal 

replication  unit.  Cold  Spring  Harbor  Symp.  Quant.  Biol.  33,  791-798 
(1968) 

Jacob,  F.,  Wollman,  E.L.:  Induction  of  phage  development  in 

lysogenic  bacteria.  Cold  Spring  Harbor  Symp.  Quant.  Biol.  IB,  101-121 
(1953) 

Jacob,  F. ,  Wollman,  E.L.:  Lysogeny.  In:  The  Viruses,  vol.  2  (eds. 

F.M.  Burnet,  W.M.  Stanley)  pp.  319-351.  New  York:  Academic  Press 
(1959) 

Kelner,  A.:  Photoreactivation  of  ultraviolet-irradiated 

Escherichia  coli  with  special  reference  to  the  dose-reduction 
principle  and  to  ultraviolet-induced  mutations.  J.  Bacteriol. 

58,  511-522  (1949) 


30 


Kerr,  T.L.,  Hart,  M.G.R. :  Effects  of  the  rec  and  exr  mutations  of 
Escherichia  coli  on  UV  reactivation  of  bacteriophage  lambda 
damaged  by  different  agents.  Mutat.  Res.  13,  247-258  (1972) 

Kerr,  T.L.,  Hart,  M.G.R. :  Effects  of  the  recA,  lex  and  exrA  mutations 
on  the  survival  of  damaged  X  and  PI  phages  in  lysogenic  and 
non-lysogenic  strains  of  Escherichia  coli  K12.  Mutat.  Res.  18, 

113-116  (1973) 

Kirby,  E.P.,  Jacob,  F.,  Goldthwait,  D.A. :  Prophage  induction  and 
filament  formation  in  a  mutant  strain  of  Escherichia  coli.  Proc. 

Natl.  Acad.  Sci.  USA  513,  1903-1910  (1967) 

Kneser,  H. :  Relationship  between  K-reactivation  and  UV- 

reactivation  of  bacteriophage  X.  Virology  36^,  303-305  (1968) 

Kneser,  H.,  Metzger,  K. ,  Sauerbier,  W. :  Evidence  of  different 
mechanisms  for  ultraviolet  reactivation  and  "ordinary  host  cell 
reactivation"  of  phage  X.  Virology  2]_,  213-221  (1965) 

Knudson,  G.B.:  A  Study  of  Error-prone  Repair  in  Species  of  Serratia. 

Ph.D.  Thesis,  University  of  California,  Riverside.  (1977) 

Korn,  D.,  Weissbach,  A.:  Thymineless  induction  of  Escherichia  coli 
K12  (X).  Biochim.  Biophys.  Acta  61,  775-790  (1962) 

Krishnapillai,  V.:  Resistance  to  ultraviolet  light  and  enhanced 

mutagenesis  conferred  by  Pseudomonas  aeruginosa  plasmids.  Mutat.  Res. 
29,  363-372  (1975) 

Kushner,  S.R.,  Kaplan,  J.C.,  Ono,  H.,  Grossman,  L. :  Enzymatic  repair 
of  deoxyribonucleic  acid.  IV.  Mechanism  of  photoproduct  excision. 
Biochemistry  10,  3325-3334  (1971) 

Lehrbach,  P.R.,  Rung,  A.H.C.,  Lee,  B.T.O.:  R  plasmids  which  alter 
ultraviolet  light-sensitivity  and  enhance  ultraviolet  light- 
induced  mutability  in  Pseudomonas  aeruginosa .  J.  Gen.  Microbiol. 

108,  119-123  (1978) 


31 


Lehrbach,  P.,  Rung,  A.H.C.,  Lee.  B.T.O.,  Jacoby,  G.A.:  Plasmid 
modification  of  radiation  and  chemical-mutagen  sensitivity  in 
Pseudomonas  aeruginosa.  J.  Gen.  Microbiol.  98^  167-176  (1977) 

Lewin,  B.:  Gene  Expression,  vol.  1,  pp.  495-523.  London:  John  Wiley 
and  Sons  1974 

Luria,  S.E.:  Reactivation  of  ultraviolet- irradiated  bacteriophage 
by  multiple  infection.  J.  Cell.  Comp.  Physiol.  39(Suppl) ,  119-123 
(1952) 

Lwoff,  A.,  Siminovitch,  L.,  Kjeldgaard,  N. :  Induction  of  the 

production  of  bacteriophages  from  lysogenic  bacteria.  Ann.  Inst. 
Pasteur  79,  815-859  (1950) 

MacPhee,  D.G.:  Effect  of  rec  mutations  on  the  ultraviolet 
protecting  and  mutation-enhancing  properties  of  the  plasmid 
R-Utrecht  in  Salmonella  typhimurium.  Mutat.  Res.  19,  357-359  (1973) 
Marmur,  J.,  Grossman,  L.:  Ultraviolet  light  induced  linking  of 

deoxyribonucleic  acid  strands  and  its  reversal  by  photoreactivating 
enyzme.  Proc.  Natl.  Acad.  Sci.  USA  47,  778-787  (1961) 

Mattern,  I.E.,  Van  Winden,  M.P.,  Rorsch,  A.:  The  range  of  action  of 
genes  controlling  radiation  sensitivity  in  Escherichia  coli. 

Mutat.  Res.  2,  111-131  (1965) 

McCann,  J.,  Spingarn,  N.E.,  Kobori,  J.,  Ames,  B.N.:  Detection  of 
carcinogens  and  mutagens:  bacterial  tester  strains  with  R  factor 
plasmids.  Proc.  Natl.  Acad.  Sci.  USA  12^  979-983  (1975) 

McKee,  R.A.,  Hart,  M.G.R.:  Effects  of  the  Escherichia  coli  K12 

recA56,  uvrB  and  polA  mutations  on  UV  reactivation  in  bacteriophage 
T7 .  Mutat.  Res.  28,  305-308  (1975) 

Miehl,  R.,  Miller,  M. ,  Yasbin,  R.E.:  Plasmid  mediated  enhancement 

of  uv  resistance  in  Streptococcus  faecalis.  Plasmid  3^,  128-134  (1980) 


32 


Miura,  A.,  Tomizawa,  J. :  Studies  on  radiation-sensitive  mutants 
of  E.  coli.  III.  Participation  of  the  Rec  system  in  induction 
of  mutation  by  ultraviolet  irradiation.  Mol.  Gen.  Genet.  103, 

1-10  (1968) 

Monk,  M. :  Induction  of  phage  X  by  transferred  irradiated  coll  DNA. 

Mol.  Gen.  Genet.  106,  14-24  (1969) 

Monk,  M.,  Kinross,  J.:  The  kinetics  of  derepression  of  prophage 
X  following  ultraviolet  irradiation  of  lysogenic  cells.  Mol.  Gen. 
Genet.  137,  263-268  (1975) 

Monti-Bragadin,  C.,  Babudri,  N.,  Venturini,  S.:  Plasmid-borne 
error-prone  DNA  repair.  In:  DNA  Synthesis  (eds.  I.  Molineux,  M. 
Kohiyama) ,  pp.  1025-1032.  New  York:  Plenum  Press  1978 
Morse,  L.S.,  Pauling,  C.:  Induction  of  error-prone  repair  as  a 
consequence  of  DNA  ligase  deficiency  in  Escherichia  coli.  Proc. 

Natl.  Acad.  Sci.  USA  72.,  4645-4649  (1975) 

Mortelsman,  K.E.,  Stocker,  B.A.D.:  Ultraviolet  light  protection, 
enhancement  of  ultraviolet  light’  mutagenesis,  and  mutator  effect 
of  plasmic  R46  in  Salmonella  typhimurium.  J.  Bacteriol.  128,  271-282 
(1976) 

Mount,  D.W.,  Kosel,  C.K.,  Walker,  A.:  Inducible,  error-free  DNA 

repair  in  tsl  recA  mutants  of  E.  coli.  Mol.  Gen.  Genet.  146,  37-41 
(1976) 

Ogawa,  H.:  Genetic  locations  of  uvrD  and  pol  genes  of  15.  coli. 

Mol.  Gen.  Genet.  108,  378-381  (1970) 

Ogawa  H.,  Shimada  K.,  Tomizawa,  J. :  Studies  on  radiation- 

sensitive  mutants  of  E.  coli.  I.  Mutants  defective  in  the  repair 


synthesis.  Mol.  Gen.  Genet.  101,  227-244  (1968) 


33 

Ogawa,  H.,  Tomizawa,  J.:  Ultraviolet  reactivation  of  lambda  phage: 
assay  of  infectivity  of  DNA  molecules  by  spheroplast  transfection. 

J.  Mol.  Biol.  73.  397-406  (1973) 

Ono,  J.,  Shimazu,  Y. :  Ultraviolet  reactivation  of  a  bacteriophage 
containing  a  single-stranded  deoxyribonucleic  acid  as  a  genetic 
element.  Virology  29_,  295-302  (1966) 

Otsuji,  N.,  Okubo,  S.:  Reactivation  of  ultraviolet  and  nitrous 
acid-inactivated  phages  by  host  cells.  Virology  12^  607-609 
(1960) 

Paterson,  M.C.,  Boyle,  J.M.,  Setlow,  R.B.:  Ultraviolet-  and  X-ray- 
induced  responses  of  a  deoxyribonucleic  acid  polymerase-deficient 
mutant  of  Escherichia  coli.  J.  Bacteriol.  107 ,  61-67  (1971) 

Pauling,  C.,  Hamm,  L. :  Properties  of  a  temperature-sensitive 
radiation-sensitive  mutant  of  Escherichia  coli.  II.  DNA 
replication.  Proc.  Natl.  Acad.  Sci.  USA  64^  1195-1202  (1969) 

Ptashne,  M.:  Isolation  of  the  A  phage  repressor.  Proc.  Natl. 

Acad.  Sci.  USA  57  306-313  (1967)' 

Radman,  M. :  Phenomenology  of  an  inducible  mutagenic  DNA  repair 

pathway  in  Escherichia  coli:  SOS  repair  hypothesis.  In:  Molecular 
and  Environmental  Aspects  of  Mutagenesis  (ed.  M.C.  Miller)  pp.  128-142. 
Springfield,  Ill.:  Charles  C.  Thomas  (1974) 

Radman,  M.,  Devoret,  R. :  UV-reactivation  of  bacteriophage  A  in 

excision  repair-deficient  hosts:  independence  of  red  functions  and 
attachment  regions.  Virology  43_,  504-506  (1971) 

Rosner,  J.L.,  Kass,  L.R.,  Yarmolinsky,  M.B.:  Parallel  behavior 
of  F  and  PI  in  causing  indirect  induction  of  lysogenic  bacteria. 

Cold  Spring  Harbor  Symp.  Quant.  Biol.  33,  758-789  (1968) 


34 

Roulland-Dussoix,  D. :  Degradation  par  la  cellule  hdte  du  DNA  du 
bacteriophage  lambda  irradie  par  le  rayonnement  ultraviolet. 

Mutat.  Res.  4,  241-252  (1967) 

Rupert,  C.S.:  Repair  of  ultraviolet  damage  in  cellular  DNA.  J. 

Cell,  Comp.  Physiol.  58(Suppl.),  57-68  (1961) 

Rupert,  C.S.,  Harm,  W. :  Reactivation  after  photobiological  damage. 

Adv.  Radiat.  Biol.  2,  1-81  (1966) 

Rupp,  W.D.,  Howard-Flanders,  P.:  Discontinuities  in  the  DNA 

synthesized  in  an  excision-defective  strain  of  Escherichia  coli 
following  ultraviolet  irradiation.  J.  Mol.  Biol.  31,  291-304 
(1968) 

Rupp,  W.D.,  Wilde,  C.E.,  III,  Reno,  D.,  Howard-Flanders,  P.: 

Exchanges  between  DNA  strands  in  ultraviolet-irradiated  Escherichia 
coli.  J.  Mol.  Biol.  61,  25-44  (1971) 

Sedgwick,  S.G.:  Evidence  for  an  inducible  error  prone  repair 
system  in  Escherichia  coli.  Biophys.  J.  15,  301a  (1975a) 

Sedgwick,  S.G.:  Inducible  error-prone  repair  in  Escherichia  coli. 

Proc.  Natl.  Acad.  Sci.  USA  72,  2753-2757  (1975b) 

Setlow,  J.K.,  Setlow,  R.B.:  Nature  of  the  photoreactivable 

ultraviolet  lesion  in  deoxyribonucleic  acid.  Nature  197 ,  560-562 
(1963) 

Setlow,  R.B.,  Carrier,  W.L.:  The  disappearance  of  thymine  dimers 
from  DNA:  an  error-correcting  mechanism.  Proc.  Natl.  Acad.  Sci. 

USA  51,  226-231  (1964) 

Setlow,  R.B.,  Carrier,  W.L.:  Pyrimidine  dimers  in  ultraviolet- 
irradiated  DNA's.  J.  Mol.  Biol.  17,  237-254  (1966) 


Shimada,  K. ,  Ogawa,  H.,  Tomizawa,  J.:  Studies  on  radiation-sensitive 


mutants  of  IS.  coli.  II.  Breakage  and  repair  of  ultraviolet 
irradiated  intracellular  DNA  of  phage  lambda.  Mol.  Gen.  Genet. 
101.  245-256  (1968) 

Siccardi,  A.  G.:  Effect  of  R  factors  and  other  plasmids  in 

ultraviolet  susceptibility  and  host  cell  reactivation  property  of 
Escherichia  coli.  J.  Bacteriol.  100,  337-346  (1969) 

Stent,  G.S.:  Mating  in  the  reproduction  of  bacterial  viruses. 

Adv.  Virus  Res.  5,  95-149  (1958) 

Tessman,  E.S.:  Growth  and  mutation  of  phage  T1  on  ultraviolet- 
irradiated  host  cells.  Virology  2,  679-688  (1956) 

Tessman,  E.S.,  Ozaki,  T.:  The  interaction  of  phage  S13  with 
ultraviolet- irradiated  host  cells  and  properties  of  the 
ultraviolet-irradiated  phage.  Virology  12,  431-449  (1960) 
Tomilin,  N.V.,  Mosevitskaya,  T.V.:  Ultraviolet  reactivation  and 
ultraviolet  mutagenesis  of  infectious  lambda  DNA:  strong 
inhibition  by  treatment  of  DNA  in  vitro  with  UV-endonuclease 
from  Micrococcus  luteus.  Mutat.  Res.  Tj_,  147-156  (1975) 

Tomizawa,  J.,  Ogawa,  T.:  Effect  of  ultraviolet  irradiation  on 
bacteriophage  lambda  immunity.  J.  Mol.  Biol.  Z3,  247-263  (1967) 
Van  De  Putte,  P.,  Van  Sluis,  C.A.,  Van  Dillewijn,  J.,  Rorsch,  A.: 
The  location  of  genes  controlling  radiation  sensitivity  in 
Escherichia  coli.  Mutat.  Res.  2_,  97-110  (1965) 

Vizdalova,  M. :  The  inactivating  effect  of  hydroxylamine  on  El.  coli 
phages  and  the  possibility  of  repair  of  the  resultant  damage. 

Int.  J.  Radiat.  Biol.  16_,  147-155  (1969) 

Wackernagel,  W. ,  Winkler,  U. :  A  mutation  in  Escherichia  coli 

enhancing  the  UV-mutability  of  phage  X  but  not  of  its  infectious 
DNA  in  a  spheroplast  assay.  Mol.  Gen.  Genet.  114 ,  68-79  (1971) 


Waleh,  N.S.,  Stocker,  B.A.D. :  Effect  of  host  lex,  recA,  recF, 
and  uvrD  genotypes  on  the  ultraviolet  light-protecting  and 
related  properties  of  plasmid  R46  in  Escherichia  coli.  J. 
Bacteriol.  137,  830-838  (1979) 

Walker,  G.C.:  Plasmid  (pKMl 01) -mediated  enhancement  of  repair  and 
mutagenesis:  dependence  on  chromosomal  genes  in  Escherichia  coli 
K-12.  Mol.  Gen.  Genet.  152,  93-103  (1977) 

Walker,  G.C.:  Inducible  reactivation  and  mutagenesis  of  UV- 
irradiated  bacteriophage  P22  in  Salmonella  typhimurium  LT2 
containing  the  plasmid  pKMIOl.  J.  Bacteriol.  135,  415-421  (1978) 
Weigle,  J.J.:  Induction  of  mutations  in  a  bacterial  virus.  Proc. 

Natl.  Acad.  Sci.  USA  39,  628-636  (1953) 

Weigle,  J. :  Story  and  structure  of  the  X  transducing  phage.  In: 
Phage  and  the  origins  of  molecular  biology  (eds.  J.  Cairns,  G.S. 
Stent,  J.D.  Watson),  pp.  123-138.  Cold  Spring  Harbor,  N.Y. :  Cold 
Spring  Harbor  Laboratory  1966 

Weigle,  J.J.,  Dulbecco,  R. :  Induction  of  mutations  in  bacteriophage 
T3  by  ultra-violet  light.  Experientia  £,  372-373  (1953) 

Witkin,  E.M.:  Time,  temperature,  and  protein  synthesis:  a  study 
of  ultraviolet-induced  mutation  in  bacteria.  Cold  Spring  Harbor 
Symp.  Quant .  Biol.  21,  123-138  (1956) 

Witkin,  E.M.:  Mutation-proof  and  mutation-prone  modes  of  survival 
in  derivatives  of  Escherichia  coli  B  differing  in  sensitivity  to 
ultraviolet  light.  Brookhaven  Symp.  Biol.  2(3,  17-55  (1967a) 

Witkin,  E.M.:  The  radiation  sensitivity  of  Escherichia  coli  B: 
a  hypothesis  relating  filament  formation  and  prophage  induction. 
Proc.  Natl.  Acad.  Sci.  USA  5]_,  1275-1279  (1967b) 


Witkin,  E.H. :  The  role  of  DNA  repair  and  recombination  in 

mutagenesis.  Proc.  12th  Int.  Congr.  Genet.  3^,  225-245  (1969a) 
Witkin,  E.M.:  Ultraviolet-induced  mutation  and  DNA  repair.  Annu. 
Rev.  Genet.  3^  525-552  (1969b) 

Witkin,  E.M.:  Ultraviolet-induced  mutation  and  DNA  repair.  Annu. 

Rev.  Microbiol.  23_,  487-514  (1969c) 

Witkin,  E.M. :  Thermal  enhancement  of  ultraviolet  mutability  in  a 
tif-1  uvrA  derivative  of  Escherichia  coli  B/r:  evidence  that 
ultraviolet  mutagenesis  depnds  upon  an  inducible  function.  Pro c. 
Natl.  Acad.  Sci.  USA  7_1,  1930-1934  (1974) 

Witkin,  E.M.:  Elevated  mutability  of  polA  and  uvrA  polA  derivatives 
of  Escherichia  coli  B/r  at  sublethal  doses  of  ultraviolet  light: 
evidence  for  an  inducible  error-prone  repair  system  ("SOS  repair") 
and  its  anomalous  expression  in  these  strains.  Genetics  79, 
199-213  (1975) 

Witkin,  E.M.:  Ultraviolet  mutagenesis  and  inducible  DNA  repair  in 
Escherichia  coli.  Bacterid.  Rev.  40,  869-907  (1976) 

Witkin,  E.M.,  George,  D.L. :  Ultraviolet  mutagenesis  in  polA  and 
uvrA  polA  derivatives  of  Escherichia  coli  B/r:  evidence  for  an 
inducible  error-prone  repair  system.  Genetics  7_3(Suppl.),  91-110 
(1973) 

Wulff,  D.L.,  Rupert,  C.S.:  Disappearance  of  the  thymine  photodimer 
in  ultraviolet  irradiated  DNA  upon  treatment  with  a 
photoreactivating  enzyme  from  baker's  yeast.  Biochem.  Biophys. 
Res.  Commun.  7_,  237-240  (1962) 

Yamamoto,  N. :  Recombination:  damage  and  repair  of  bacteriophage 
genome.  Biochem.  Biophys.  Res.  Commun.  27_,  263-269  (1967) 


